Abstract. The dynamic and earthquake response of the bell tower of Agios Gerasimos, located at the city center of Lixouri in the island of
INTRODUCTION
The objective of this paper is to study the dynamic and earthquake response of a bell tower. This bell tower belongs to the church of Agios Gerasimos which is located at the city center of Lixouri in the island of Kefalonia, Greece. The whole locality was subjected during the winter of 2014 in an intensive earthquake sequence and this gave the opportunity to focus on the earthquake response of this bell tower which remained unscathed, despite the intensity of the seismic ground motion and the damage to neighboring structures. In figure 1 the location of the Agios Gerasimos bell tower is shown together with the location of the city hall of Lixouri at a distance of 0.35km from the bell tower. The Lixouri City Hall is also shown in figure 2, a two-story reinforced concrete building, developed light structural damage during the 3 rd of February 2014 strong seismic ground motion. Similarly, the columns of another two-story reinforced concrete building were also damaged, namely hotel Palatino shown at the left side of figure 1. It is interesting to note that the intensity of shaking during this damaging 3 rd of February 2014 seismic event was recorded by a strong motion accelerograph located at the ground floor of the city hall building [1] . Moreover, spectacular damage was observed at the earth fill embankment [1] that forms the harbor of Lixouri (shown at the bottom of figure 1) as well as the overturning of boats that were free standing at the sea front of this harbor (figure 3).
Bell towers are structures that are of particular interest regarding their dynamic and earthquake response, which has been the subject of research in the past. A large number of bell towers with dimensions much larger than the one examined here are located in numerous cities in Italy and elsewhere. The largest percentage of these bell towers is built by stone or brick masonry. One of the well known cases of a bell tower collapse is that of the St. Marcus bell tower in Venice in July 1902 depicted in figures 4. The Campanile of St. Mark's Church, ninety-eight meters high, collapsed at 10:41 o'clock Monday morning and fell with a great, crash into the piazza. The Campanile, which was entirely detached from the cathedral, collapsed where it stood in a heap of ruins (figure 5). This collapse was not due to an earthquake excitation. However, in many other cases earthquake activity constitutes the major cause of serious damage for bell towers that many times leads to partial or total collapse. These structures are characterized with considerable height, relatively to their narrow foundation, and considerable masses along their height; these facts together with the added weight from heavy bells at high elevations lead to large overturning moments and shear forces at their base. There are numer-ous examples of bell towers that were heavily damaged or collapsed due to earthquake activity. Relatively recently, a 6.0 magnitude earthquake in the region of Emilia-Romagna of Italy caused the collapse of an old tower in the town of Finale Emilia on May 20, 2012. Torre dei Modenesi, a 13th century clock tower was destroyed during this earthquake ( figure 6-7 ). An extensive effort was made by volunteers from all across the country to help salvage, collect and catalogue fragments of the 32-meter high tower in an effort to eventually restore it. On October 16th 2013, a 7.2 magnitude earthquake shook Bohol province in the central Philippines. The Basilica Minore del Santo Niño established in the 1500s and rebuilt in its present form in 1737. The earthquake caused the collapse of its bell tower and portions of its main building. the bell tower of the Church of San Pedro Apostol in Loboc, Bohol that collapsed during the same earthquake. . Consequently, there is a major international concern for the stability of numerous bell towers. This resulted to significant international research effort that includes in-situ monitoring of the response of bell towers on a temporary basis, like the one attempted here, or more sophisticated and on a permanent basis ( [4, 6, 7, 8, 9, 12, 13, 14, 15, 16, 17, 18, 20] ). Foundation problems for bell towers are evident in many case the most celebrated being Pisa's grand bell tower in Italy (figure 11) that is quoted as a major medieval engineering error. The two leaning bell towers in Bolognia in Italy Another represent another example (figure 12). Therefore, the soil flexibility is also an area of research interest for these structures especially when their dynamic and earthquake response is under investigation [5, 16, 17, 18, 20] . The bell tower that is studied here is depicted in figures 13-14. The height of this bell tower is approximately 20m and it is made of reinforced concrete with a hollow cross-section that has dimensions 3.45m by 3.45m at the ground level and it keeps being reduced along the height, as shown in figures 15-16. Cross section and dimensions in meters of the bell tower at ground level Cross section and dimensions in meters of the bell tower at a height of 2.45m from ground level The walls of the bell tower are made of reinforced concrete with a thickness equal to 300mm. This bell tower was constructed during 1963, almost ten years after the damaging earthquake sequence of 1953 that hit this region [2] . Its foundation consists of a reinforced concrete foundation block that extends at a depth of at least 3.0 meters below ground level. Initially, summary results are presented in section 2 based on measurements of the dynamic response of this bell tower obtained during an in-situ experimental campaign conducted for this purpose on September 2014. Next, the dynamic response of this bell tower is also predicted through a 3-D numerical simulation. From the comparison between the measured and the numerically predicted dynamic response the influence of the soil-foundation interaction is studied and is presented in section 3. Based on the outcome of this comparison the numerical simulation that yield the best predictions is next being utilized to predict the earthquake re-sponse of this structure during the main event of February 3 rd , 2015 [1] . The relevant results are presented in a summary form section 4 together with the final conclusions.
IN-SITU MEASUREMENT OF THE DYNAMIC RESPONSE OF THE BELL TOWER
The dynamic characteristics of this bell tower were measured in-situ through a series of free vibration tests that were performed following the damaging earthquake sequence 3 rd of February 2014 seismic. A set of two tri-axial accelerometers were utilized together with a digital data acquisition system. These accelerometers were fixed at two locations along the height of the bell tower. The first accelerometer was fixed on a horizontal reinforced concrete (R/C) slabs which was built internally on this bell tower and was connected in a monolithic way with all four peripheral R/C walls. This R/C slab was immediately below the bells and could be reached through a R/C staircase which was also built internally and was also connected in a monolithic way with the peripheral R/C walls. This R/C slab was located at 15.4m from the ground level, which is named here "High Measuring Point (up)" and the accelerometer fixed at this level is depicted in figures 17-18. The second tri-axial accelerometer was also fixed internally on the West R/C wall at a location 11.5m from ground level, which is named here "Low Measuring Point (down)". This instrumentation arrangement is also shown in figure 19 where it can be seen that both instruments were located at an axis of symmetry of this structure named y-y in figure 19 (East-West). The bell tower was excited by a pull-out free vibration test sequence ( [4, 6, 7, 8, 9, 12, 13, 14, 15, 16, 17, 18, 20] ) utilizing a sudden rupture of a high strength wire that was previously stretched being attached at on end at the bell tower just above the "High measuring point" level at the other end on a reaction point at the street level that passed near the South side of the bell tower and was accessible for this purpose. This is depicted schematically in figures 20 and 21. As can be seen in figure 21 the excitation axis was at an angle of 14.7 degrees with the East-West axis of symmetry (y-y). As a result, and despite the structural symmetry, it was expected that the dynamic acceleration response of the bell tower for this excitation would be developed both in the y-y as well as in the x-x (North-South) direction. Because the used instruments were tri-axial the response in these two horizontal directions x-x and y-y could be recorded simultaneously and are depicted in figures 22-23 and 24-25 for the "High and Low measuring points", respectively. As can be seen, the presense of a quite dominant frequency is quite clear in all these free vibartion dynamic acceleration responses. This dominant response frequency was extracted from transforming the obtained 
NUMERICAL SIMULATION OF THE FREE VIBRATION RESPONSE OF THE BELL TOWER
The dynamic response of the bell tower was numerically simulated employing a linear elastic dynamic analysis utilizing shell elements assumed to be of reinforced concrete as an isotropic material with a Young's Modulus equal to E=10000MPa and typical to reinforced concrete. The bells were assumed to weight 500kg. They were simulated with a steel beam that was placed at the right location and height where the actual steel beam supporting the bells is located. A mass and weight multiplier was used for this beam to account for the extra mass and weight of the bells.
The foundation was assumed to be a mass-less concrete block that was numerically formed by the following parts:
-Two mass-less and stiff horizontal slabs with a thickness 0.15m were located one at the ground level and the other at a depth of 3.0m from the ground level. These slabs represent the upper and lower horizontal planes of the foundation concrete block. In addition, four mass-less and stiff vertical slabs having a thickness 0.789m were also added. Two of these slabs were placed at the x-z plane and the other two at the y-z plane of the numerical model. These vertical slabs represent the peripheral vertical planes of the foundation block facing the East-West (x-z plane) and the North-South (y-z plane) directions. In this way the foundation block was formed (figure 26). All the stiffness properties of the finite elements representing these slabs were numerically increased by a multiplier equal to 1000.
Next, four mass-less and weightless stiff vertical slabs were also formed parallel to the previously described vertical slabs. These later vertical slabs were placed in a way surrounding externally the foundation block. They were located at a distance of 50mm externally surrounding the vertical slabs representing the foundation block. An additional mass-less and weightless stiff horizontal slab was also added placed 50mm below the horizontal slab that represents the bottom of the foundation block (-3.0m from the ground level). All these slabs, both vertical and horizontal are presumed to represent the non-deformable support medium for the foundation block of the bell tower, and for this purpose they were considered to be practically non-deformable as well as they were constrained at all their nodes in the x-y-z direction. -In order to account for the soil deformability the rigid slabs representing the nondeformable supports of the foundation block were connected to the corresponding vertical and horizontal slabs representing all the sides of the foundation block in contact with the surrounding soil with two-node links (figure 27). These two-node links were placed within the space that was left in the numerical model between the non-deformable support slabs and the non-deformable foundation slabs. In this way, all the foundation soil interaction that could arise from the soil deformability was concentrated locally on these two-node links at the 50mm space left for this purpose surrounding the numerical model of the foundation block from all its sides.
-Three cases were considered regarding the value of the stiffness of these vertical or horizontal links. In the first case the axial stiffness for all the vertical and horizontal links attains the value of 10000000KN/m. That represents a non-deformable soil. In the second case all the vertical and horizontal links are given a value for their axial stiffness in such a way that the resulting 1st translational E-W (y-y) eigen-frequency of the bell tower is approximately equal to the corresponding value that was measured during the free vibration tests. The axial stiffness value for all the links in this case was found to be equal to 21000KN/m. This was assumed to represent medium stiffness conditions for the soil. The excitation introduced by the free vibration tests that were performed in-situ should be considered as a rather low intensity excitation. Therefore, the soil surrounding the foundation is presumed to have stiffness properties that may be reduced when subjected to an intense excitation during a prototype earthquake ground motion like the one experienced during the damaging 3 rd of February 2014 seismic event at Lixouri. For this purpose, a third case of axial link stiffness was also considered. In this third case the axial stiffness value for all the links was set equal to 10000KN/m. The values of the predicted eigen-frequencies / eigen-periods for the dominant translational modes for the examined three soil conditions of the Agios Gerasimos bell tower are shown in figures 32 to 33 and listed in table 2.
Translational mode E-W (y-y) T=0.540sec., f=1.851Hz, (flexible soil).
Translational mode N-S (x-x) T=0.542, f=1.843Hz, (flexible soil). 1.843Hz / 0.542sec.
As already mentioned, the objective of this parametric study of soil-deformability was to be able to investigate the sensitivity of the fundamental dynamic properties of this bell-tower that arises from the deformability of the soil-foundation [5, 10, 16, 17, 18, 20] . In the table that follows the values of the measured eigen-frequencies / eigen-period that were obtained from the in-situ free vibration dynamic measurements are compared with the corresponding predicted values for the three soil-foundation conditions.
As can be seen from the eigen-frequency / eigen-period values listed in table 3, the predictions obtained through the bell tower numerical simulation employing deformable linear links at the interface between the foundation and the soil, as was described in this section, demonstrate very good agreement with the measured values for the 2 nd case representing a medium flexibility soil which is approximated in the numerical simulation through an axial stiffness value for the links equal to 21000KN/m. 
EARTHQUAKE RESPONSE OF THE AGIOS GERASIMOS BELL TOWER
Next, the numerical simulation of the earthquake response of the Agios Gerasimos bell tower for the previously presented three cases of soil-foundation deformability was examined. In this investigation the following load case combinations were considered in an effort to approximate the seismic forces that this structure was subjected to during the 3 rd of February 2015 actual earthquake excitation.
1. The gravity loads is signified as DEAD. It represents all the vertical gravity forces that are generated from the weights of all the structural and the non-structural components of the bell tower including the bells themselves. All the inclined R/C walls of the tower were considered to have a thickness of 0.3m. The 3-D shell F.E. representation follows the middle plane of these walls. From the level upwards from the upper slab (below the bells) the wall are vertical till the level of the upper dome. The top of the dome rises 21.4m from the ground level. All the window and door openings are replicated in the F.E. model.
2. The horizontal seismic loads in the y-y (E-W) direction are applied in a static way. They are approximated as being 50% of the vertical gravity forces acting horizontally in the x-x direction. These loads are denoted as 0.5 Ey (E-W) static and together with the vertical gravity forces (DEAD) represent combination 1. Thus COMBI-1 = DEAD + 0.5 Ey (E-W). In a similar way, the horizontal seismic loads in the x-x (N-S) direction are also applied in a static way. They are approximated as being 50% of the vertical gravity forces acting horizontally in the x-x direction. These loads are denoted as 0.5 Ex (N-S) static and together with the vertical gravity forces (DEAD) represent load-combination 2. Thus COMBI-2 = DEAD + 0.5 Ex (N-S) 3. Alternatively, The horizontal seismic loads in the y-y (E-W) direction are applied through the Lixouri E-W elastic acceleration response spectral curve for 5% damping ratio as it was derived from the E-W component of the acceleration record that was recorded during the strong aftershock of 3-2-2014 ( [1] ). This was recorded by an instrument located at the ground floor slab of a R/C two-story building (Dimarchion) located at a distance of 350m from the bell tower, as indicated in figure 1 . This response spectrum values are scaled to ac-count for a response modification factor with a value equal to 2.5. This value must be considered as rather high value based on the fact that the bell tower is a cantilever and there were no visible signs that the reinforced concrete sections with their reinforcing bars were stressed to post-yield levels. Due to these reasons it is expected that the response of the bell tower predicted by dividing the response spectra curve by µ=2.5 will be rather low than what this bell tower could possibly have experienced during the actual seismic event according to the recorded ground acceleration. These seismic loads are denoted as E-W response spectrum and together with the vertical gravity forces (DEAD) represent load-combination 3. Thus COMBI-3 = DEAD + E-W Response spectrum.
As already mentioned, figure 34 depicts the East-West constant ductility acceleration response spectral curve, for damping ratio equal to 5% of critical and for ductility factor µ=2.5, together with the Euro-code 8 design spectral curves (Type 1 and Type 2) for soil category D (flexible soil) for design ground acceleration equal to 0.36g (g the acceleration of gravity), for importance factor γ=1, and for response modification factor q=3 [21] . In the same figure the acceleration spectral values corresponding to the measured and predicted eigen-periods values listed in table 3 for the three examined soil conditions are also indicated. The acceleration spectral value indicated in this figure as L.P.T. corresponds to the lowest eigen-period value of the bell tower for the 1 st case of rigid soil conditions. The acceleration spectral value indicated in this figure as "measured" corresponds to eigen-period value of the bell tower for the 2 nd case of medium soil conditions that also coincides with the measured value during the insitu tests described before. Finally, the acceleration spectral value indicated in this figure as H.P.T. corresponds to the highest eigen-period value of the bell tower for the 3 rd case of flexible soil conditions. 4. The horizontal seismic loads in the x-x (N-S) direction are approximated in a similar way as the one described below utilizing the Lixouri N-S elastic acceleration response spectral curve for 5% damping ratio as it was derived from the N-S component of the acceleration record that was recorded during the strong aftershock of 3-2-2014 [1] . These loads are denoted as N-S response spectrum and together with the vertical gravity forces (DEAD) represent loadcombination 4. Thus COMBI-4 = DEAD + N-S Response spectrum. Figure 35 depicts the North-South constant ductility acceleration response spectral curve, for damping ratio equal to 5% of critical and for ductility factor µ=2.5, together with the Euro-code 8 design spectral curves (Type 1 and Type 2) for soil category D (flexible soil) for design ground acceleration equal to 0.36g (g the acceleration of gravity), for importance factor γ=1, and for response modification factor q=3 [21] . In the same figure the acceleration spectral values corresponding to the eigen-period values of table 3 are plotted again here with the same symbols. 5. Finally, the horizontal seismic loads in the y-y (E-W) direction are applied through the the E-W component of the acceleration record that was recorded during the strong aftershock of 3-2-2014. This is denoted as E-W time history. Similarly, the horizontal seismic loads in the x-x (N-S) direction are applied through the N-S component of the acceleration record that was recorded during the strong aftershock of 3-2-2014. This is denoted as N-S time history. Both these forcing actions together with the vertical gravity forces (DEAD) represent combination 5. Thus COMBI-5 = DEAD + E-W time history + N-S time history. For all these acceleration forcing actions no scaling was introduced as was done for the horizontal forces based on the response spectral curves that were applied in the way explained before. The stepby-step direct integration method was used for these time history dynamic analyses. For the case of flexible soil damping was introduced at all the vertical and horizontal links with the value of 10% of critical. This increase in the damping ratio value was introduced in order to mitigate the resulting earthquake response for this loading case and to account up to a point the radiation damping that would be introduced in this case from the soil-foundation interaction.
The following observations can be deduced from figures 34 and 35. a) For almost all the examined soil conditions the acceleration spectral values of the bell tower are considerably higher than the corresponding values of the Euro-code [21] (either type 1 or 2). The only exception is the spectral acceleration value for the rigid soil condition and for the type 2 Euro-code design spectral curve. This means that in almost all cases the actual seismic loads that this structure experienced during this particular earthquake are larger than the design seismic loads even if this bell tower was designed with the current earthquake loads, as these are specified by Euro-code 8. b) The previous remark becomes even more outstanding if one uses for comparison the level of design seismic loads that was specified by the old Greek seismic code design acceleration levels which are also indicated in figures 34 and 35 [11] . It must be pointed out here that during the period that this structure was designed and constructed the seismic loads generally considered were those indicated in figures 34 and 35 as "Old Greek EQ Code' [11] . Table 4 lists the maximum (minimum) values of the earthquake response of the bell tower for all five examined load combinations as they were previously described. The listed values correspond to the base shear and to the horizontal displacements (Ux / Uy) at the top of the bell tower at a height equal to 21.4m from ground level. From the values listed in this table the following remarks can be made: a1) As can be seen from the values listed in table 4 the most demanding load combination for all three cases of soil flexibility is load combination 5 where the dead load is combined with the two horizontal acceleration time histories of the ground motion in the EastWest and North-South direction recorded at the top surface of the foundation slab of the 2-story City Hall R/C building located 350m away from the bell tower. This increase in the earthquake response of the bell tower when load combination 5 is employed becomes significantly enlarged for medium and flexible soil conditions. b1) For load combinations 3, 4 and 5 that take into account the dynamics of the studied structure the flexibility of the soil resulted in larger response in terms of base shear. This increase in the value of the base shear must be attributes to the variation of the fundamental period of the structure with the soil flexibility combined with the characteristics of this earthquake ground motion, which can also be seen in the shape of the spectral curves depicted in figure 34 and 35. c1) The very noticeable increase in the amplitude of the horizontal displacement at the top of the bell tower when the soil conditions become relatively flexible is partly due to the corresponding increase of the horizontal seismic forces resulting from the variation of the soil deformability, as discussed in b1 before, as well as to a component of the horizontal displacement at the top of the bell tower resulting from the rocking of the foundation block. Obviously, this rocking tends to increase when the flexibility of the foundation becomes larger [20] .
d1) This investigation is under process in order to examine further the implications of the structure-foundation-soil interaction as well as the structural performance of the bell tower. For the later task a more detailed investigation is needed in order to ascertain important structural details of this bell tower.
CONCLUSIONS
• It was demonstrated by the in-situ measurements of the dynamic response of the Agios Gerasimos bell tower that the foundation deformability is a significant parameter that must be taken into account in order for the numerical response predictions to have any realism.
• It was also demonstrated that for these measured fundamental eigen-period values the bell tower has been subjected to seismic loads higher than the ones specified by the current Euro-code 8 provisions.
• Furthermore, it was shown that for these measured fundamental eigen-period values the bell tower has been subjected to seismic loads considerably higher than the ones specified by the "Old Greek Seismic Code" provisions that were valid at the tine of its design and construction.
• From the numerical prediction of the earthquake response of this bell tower based on the actual the earthquake ground motion recorded at a very close distance it was shown that the soil flexibility results in both an increase of the seismic loads as well as in a considerable increase of the resulting horizontal displacements that apart from the increase in the seismic loads bear also the outcome of the rocking response of the foundation block.
• In situ measurements like the ones presented here are very important to be able to identify sources that may significantly influence the dynamic and earthquake response of civil engineering structures. They may also serve the purpose to help formulate a realistic numerical model by properly incorporating such influences in order to yield realistic predictions of the dynamic and earthquake response of the examined structure.
